Metazoan species, from sponges to insects and mammals, possess successful defence systems against their pathogens and parasites. The evolutionary origins of these diverse systems are beginning to be more comprehensively investigated and mapped out. We have collected 1811 metazoan immunity genes from literature and gene ontology annotations. Tentative orthologs of these genes were identified using reciprocal protein-protein Blast searches against proteins from the GenBank and RefSeq databases. We have defined different levels or classes of ortholog group according to the order of reciprocal ortholog pairs among the seed immunity genes. The genes were clustered into these different ortholog groups. Initial phylogenetic analysis of these ortholog groups suggests that by this approach, we can collect a spectrum of immunity genes representing well the taxa in which they appear. All the immunity genes and their evidence of immune function, orthologs and ortholog groups have been combined into an open access database-ImmunomeBase, which is publicly available from http://bioinf.uta.fi/ImmunomeBase.
Introduction
Species across all taxa are exposed to a variety of pathogenic bacteria, viruses, fungi and parasites, as well as selfcells that have escaped regulation. The evolutionary survival of these organisms suggests that they have highly successful immune and defence systems that have evolved at least at the same rate as the pathogens themselves have evolved. The traditional dogma of immunology is that vertebrate species possess both adaptive and innate immunity, whereas invertebrate species only possess innate immunity. However, recently a paradigm shift has been proposed towards a more complex picture of immunity, whereby different methods of adaptive immunity may have evolved simultaneously, of which the vertebrate adaptive immune system, mediated by recombination-activation genes (RAG) 1 and 2, is just one (1) . This implies that there is still a lot about immune systems that are unknown or unclear-especially outside of Mammalia.
Traditional, RAG-mediated adaptive immunity involving the recombination of genes to create an almost limitless number of Ig-containing recognition receptors is limited to the jawed vertebrates (Gnathostomata) (2) . In jawless fish and lampreys (Agnatha), variable lymphocyte receptors, created by the recombination of a variety of leucine-rich repeat regions, play a role in acquired immunity (3) .
Invertebrates, while lacking traditional adaptive immunity, possess diverse immunity-type genes, which may 'blur the distinction between purely innate and purely adaptive receptors' (4) . A family of IgV region-containing chitin-binding proteins have been identified both in the lancelet Branchiostoma floridae (5) and in the tunicate Ciona intestinalis (6) . These are highly polymorphic (6) and are secreted into the intestine, where they have anti-microbial effects. The freshwater snail Biomphalaria glabrata has a diverse family of Ig-containing fibrinogen-related haemolymph proteins, of which some have been shown to be up-regulated in response to a pathogen (7) . Down syndrome adhesion molecules (Dscams), first discovered in Drosophila melanogaster but now identified throughout insects, are a diverse family of Ig-containing proteins created by alternative splicing (8) . The mosquito Anopheles gambiae has recently been shown to be able to produce >31 000 potential alternatively spliced forms of Dscam, which enables specificity of recognition and protection against bacteria and Plasmodium parasites (1, 9) .
Innate immunity is more rapidly acting in comparison with adaptive immunity and is older and more evolutionarily conserved-indeed, it provides the backbone on which adaptive immunity was able to evolve (10) . There are broad similarities in innate immunity across metazoan phyla, as well as striking differences-leading to a somewhat complicated picture of its evolution (11) . Pattern recognition receptors recognize and bind to different microbial markers, for example, peptidoglycan recognition protein (12), gram-negative-binding protein (13) and b-1,3-glucan binding protein (14) . Binding to these receptors instigates a reaction, for example the toll-like receptor pathway, which results in an anti-pathogen response, e.g. the production of antimicrobial peptides or the formation of melanin. Some innate immunity pathways are limited to one branch of Metazoa, e.g. the pro-phenoloxidase (pro-PO)-activating system, the lectin complement system and the haemolymph coagulation system in invertebrates (15) . Other pathways are more ubiquitous, e.g. the Myd88-mediated response against Gram-negative bacteria (16) , which is even found in Porifera (sponges)-one of the earliest metazoan phyla. Indeed, Porifera have a surprisingly complex innate immune system (17) .
Previously, we collected the genes and the proteins of the human immune system, which we called the essential human immunome (http://bioinf.uta.fi/Immunome) (18, 19) . This included 847 human immunity genes and their orthologs. Non-mammalian metazoans have complex and different immune systems that warrant further investigation and systematic analysis. In order to achieve a more complete overview of metazoan immunity and to map the evolution of immunity in different phylogenetic branches, we have extended the approach used in the human immunome database to cover all metazoan organisms for which sequence information is available.
We have created a list of immunity genes from literature (i.e. textbooks and articles), gene ontologies (GOs) and PubMed, and used these as seed genes to search for orthologs. There already exist several ortholog databases that are publicly available, for example, Inparanoid (20) , EGO (21), OrthoMCL (22, 23) and HomoloGene (24) . However, none of these was deemed appropriate for our requirements, mainly because of limited species coverage. This is because they mostly use as their basis sequences from organisms with a complete genome sequence. Instead, we have used a reciprocal best-hit-based search approach to identify orthologs. We have defined different levels of ortholog groups and have clustered the genes accordingly into ortholog groups. ImmunomeBase, which is freely available at http:// bioinf.uta.fi/ImmunomeBase, contains information about immunity genes, their orthologs and the ortholog groups.
Materials and methods
An outline of the methods used for the ortholog data collection is summarized in Fig. 1 .
Preparing a list of immunity proteins
Immunity proteins were defined as proteins or peptides whose predominant role is in the host immune system or defence response against a pathogen. Thus, general maintenance genes were not included in a similar way to the human immunome study (18) . Genes, where there is recorded evidence of an immunity function, were obtained from model species and from those of interest in the evolution of immunity. These immunity genes are subsequently referred to as seed genes as they were used as seeds in the identification of orthologs. A list of core human immunity genes was obtained from the immunome database (18) . Genes from other metazoan species were identified from literature (25) (26) (27) (28) , GO terms (29) , and keyword searches in PubMed (see Supplementary Table S1 , available at International Immunology Online.). Non-human mammalian genes were limited to genes from Mus musculus. A list of D. melanogaster genes was obtained from FlyBase (30) . Vertebrate genes with hyper-variable regions and fragments of genes, such as Igs, TCRs and the MHC, were excluded because they do not have complete genomic genes and because they are already well covered, for example within the international ImMunoGeneTics information system from the European Bioinformatics Institute (31) and Centre National de la Recherche Scientifique (32) .
Where available, NCBI Entrez Gene ids were used as gene identifiers; otherwise, Entrez Protein accessions were used. Amino acid sequences were obtained from the Entrez Protein database.
Identifying orthologs
Reciprocal protein Blast (33) searches were performed to identify orthologs of the seed genes. Using modules from Bioperl (34) ). The top hit from each of the species in the top 150 hits was used in a reciprocal species-specific Blast search against the seed gene species. An orthologous pair of genes was identified if the original seed gene was the top hit of the reciprocal species-specific Blast. Pairwise Blast (bl2seq) (36) scores were calculated for each ortholog pair. This took several weeks of CPU time to run on our cluster of 40 nodes. Where no ortholog was identified for a human gene in Pan troglodytes (chimpanzee), the gene was used to search in a chimpanzee-specific Blastp for the missing ortholog. Additional information about genes and taxa was acquired using NCBI's Entrez Programming Utilities.
Clustering orthologs
We defined three distinct levels of ortholog groups depending on the number of reciprocal relationships required (Fig. 2) . For the loosest definition (level 1) if two seed genes form an orthologous pair, they were clustered together into an ortholog group, along with their non-seed orthologs. Universal reciprocality between all seed genes is not required and non-seed orthologs may be present in more than one ortholog group.
Level-1 ortholog groups were then split by the stricter level-2 definition, whereby all the seed genes need to form reciprocal relationships with each other. If any pairs of seed genes did not have an orthologous reciprocal relationship, the missing relationships were checked using a reciprocal species-specific remote Blastp. If the level-1 group needed to be split to achieve the level-2 definition and if there was more than one way of doing this, the ambiguity was resolved according to the bl2seq pairwise alignment scores and by manual checking of the groups. Non-seed orthologs that were duplicated between more than one ortholog group were again resolved by comparison of the pairwise Blast bl2seq scores.
Database of immunity
Seed genes, their orthologs and lists of ortholog groups were deposited in a relational MySQL database. A web interface was designed for the database to provide a useful tool for the scientific community to obtain data about metazoan immunity proteins. This database was named ImmunomeBase and is available from http://bioinf.uta.fi/ ImmunomeBase.
Phylogenetic analysis
Protein multiple sequence alignments were produced with ClustalW (37) for those level-1 and level-2 ortholog groups where at least three different sequences were present in the group. Using these alignments, maximum likelihood trees were calculated for 715 level-1 groups and 798 level-2 groups using the RAxML software (38) and are available online from the database.
Protein multiple sequence alignments were created using T-Coffee (39) for selected groups for case studies. Alignments were converted into Nexus format using a BioPerl (34) script and phylogenetic trees for case studies were constructed using PAUP* (40) using the Neighbour-Joining method and 1000 bootstrap replicates.
Results
We aimed to investigate the evolution of immunological systems and genes by constructing a comprehensive database of essential immunity genes and their orthologs from a wide range of metazoan organisms. Seed genes were identified from a variety of sources where there is evidence of an immunity function. These were used as the starting point for identifying orthologs from other species.
The existing ortholog databases use as their sequence source a limited number of completed genomes. Many species of interest in the evolution of immunity are yet to have their genomes sequenced or fully annotated, and thus there is a bias in the genomes that are available. The main differences between the databases occur when the orthologs are clustered into groups and when paralogs are defined. For example, HomoloGene has a stricter rule defining ortholog groups than EGO; therefore, EGO groups contain more distinct species than in the HomoloGene groups. Groups in OrthoMCL contain a lot of paralogs; some groups can contain tens of sequences from the same organism (Table 3) .
A similar definition of a reciprocal orthologous pair of genes is used as a starting point for the ortholog databases, 'a pair of [sequences] in separate species in which the first member of the pair has as its best hit in the second species, the second member and the second member has as its best hit in the first species the first member', Lee et al. (21) . We used this definition of an orthologous pair to search for orthologs of the immunity seed genes. The seed genes and their orthologs were then clustered into two levels of ortholog group (Fig. 2) . At the first level, level 1, orthologous pairs of seed genes and their non-seed orthologs are grouped together. Seed genes within the same group do not need to form orthologous relationships with each other and non-seed orthologs may be present in more than one ortholog group (e.g. they are orthologs of more than one seed gene). The level-2 groups contain seed genes that are all orthologs of each other and non-seed orthologs that can only belong to one ortholog group (the one with the seed gene with the highest pairwise match).
Database of immunity
ImmunomeBase is a multi-species database of immunity that contains metazoan seed genes, their orthologs and the ortholog groups, and it is publicly available and searchable at http://bioinf.uta.fi/ImmunomeBase. The database contains information about the evidence of an immunity function for the seed genes in the form of journal citations and GO terms, as well as links to the entries in the primary databases (EntrezGene, GenBank, PubMed, etc.). Users can search for a gene by name, species, Entrez Protein accession or Entrez Gene id. The search results page contains a list of genes, both seed genes and non-seed genes, which match the search query. By clicking on one of the genes, the user is directed to the main page for that gene. For seed genes, the main page shows journal citations and GO terms for the gene, followed by a list of orthologs of the gene. For each ortholog, the bl2seq pairwise score of the seed gene and the ortholog is given, as well as the ortholog groups to which it belongs. There are links to both the level-1 and level-2 groups that the seed gene belongs to. The main page for a non-seed gene presents a list of seed genes that the non-seed gene forms an orthologous relationship with and links to the main pages of these genes. Each ortholog group has a page that displays a list of seed and non-seed genes belonging to that group, with links to the main pages for each gene.
The database contains 1811 metazoan seed genes and 10 333 non-seed orthologs (Table 1) . These are clustered into the ortholog groups we defined. The level-1 groups are the loosest and may contain paralogs of seed genes. Nonseed orthologs may belong to more than one level-1 group. Level-1 groups are resolved to level 2 so that all the seed genes within a group form reciprocal orthologous relationships with each other and non-seed genes can only belong to one group. The database contains 1285 level-1 ortholog groups, of which 1046 contain more than one protein accession. These have been resolved to 1395 level-2 ortholog groups, of which 1134 contain more than one protein accession (Table 2) .
Ortholog groups
Fifty-five of the level-1 ortholog groups contain three or more seed genes and thus had to be resolved to level 2. Some of these had to be split into smaller groups to obey the level-2 definition due to non-universal reciprocality between the seed genes. This was done manually by comparison of the bit scores from the pairwise sequence alignments. For example, the level-1 group containing IL-1b from fish and mammals (group 22) had to be resolved to level 2 (Fig. 2) . The reason for this is that at level 2, all the seed genes need to form reciprocal orthologous relationships with each other, and this is not the case with group 22 (Fig. 2A) . This definition also requires that only one seed gene from each species be in each group and there are two genes for IL-1b from Cyprinus carpio (carp) (41) . There are two possible solutions for resolving this group. The first (Fig. 2B ) splits the level-1 group into two, with the gene from zebra fish clustering with the trout and one of the carp genes and the second carp gene clustering with the genes from human and mouse. The second possible grouping (Fig. 2C) places the zebra fish gene with the human and mouse genes, the first 
Seed genes are highlighted in grey. Numbers in brackets indicate multiple genes from one organism in the same ortholog group Fig. 3 . Case study: phylogenetic analysis of two invertebrate ortholog groups. Phylogenetic trees were constructed for (A) level-2 group 131 (arthropod pro-POI) contains the seed genes: NP_001037335 Bombyx mori 1; NP_001037336 Bombyx mori 2; XP_312089 Anopheles gambiae and their non-seed orthologs. Colour coding: red Chilopoda (centipedes-outgroup); pink Crustacea (crustaceans); grey Xiphosura (horseshoe crabs); blue Arachnida (spiders); orange Hymenoptera (bees and wasps); brown Lepidoptera (moths); green Diptera (flies) and yellow Coleoptera (beetles); asterisk indicates orthologs that are haemocyanin genes. (B) Level-2 group 1063 (invertebrate lysozyme) contains the seed genes: AAR29291 Asterias rubens; CAG27844 Suberites domuncula; and their non-seed orthologs. Colour coding: blue Porifera (sponges-outgroup); green Echinodermata; orange Crustacea; grey Insecta; brown Annelida (segmented worms); yellow Mollusca and pink Nematoda; both trees were constructed using Neighbour-Joining method and 1000 bootstrap replicates. Bootstrap values >50% are indicated below the nodes. Seed genes are underlined.
carp gene again with the trout gene and the second carp gene in a group on its own. The groupings were resolved by comparing the bl2seq pairwise Blast scores from the zebra fish. The highest score was with the first carp gene, so the first grouping was accepted (Fig. 2B) . The pattern of reciprocal relationships would suggest that an ortholog from Oncorhynchus mykiss (rainbow trout) is missing, and indeed, when the non-seed orthologs are added to the group, an additional rainbow trout IL-1b gene joins the humanmouse group (group 142). There are 1395 level-2 groups, of which 1147 contain more than one gene; 133 groups contain more than one gene and no mammalian genes ( Table 2 ). As a case study, we constructed Neighbour-Joining phylogenetic trees for level-2 ortholog groups 131 and 1063 (Fig. 3) . These contain the orthologs of pro-PO seed genes from Bombyx mori (silk worm) and A. gambiae (mosquito) (Fig. 3A) and the orthologs of invertebrate lysozyme (lysozyme-i) from Asterias rubens (starfish) (42) and Suberites domuncula (sponge) (43) (Fig. 3B) . The pro-POI orthologs include haemocyanin genes from spiders, horseshoe crab and centipede. All the orthologs are restricted to Arthropoda, which reflects the gene's role in the melanization pathway of innate immunity (44) . This is an integral defence mechanism whereby melanin is deposited at the site of an invasion and the organism is shielded from the invading pathogen. The orthologs of lysozyme-i are spread throughout the invertebrate phyla in nematode worms, molluscs, segmented worms, insects, echinoderms and crustaceans. The seed genes from the two groups were used to search against Vertebrata genes using Blastp and no significant hits were found, thus confirming that these are true invertebrate ortholog groups.
A comparison of the Neighbour-Joining trees prepared for the case study with the maximum likelihood trees (available from the ImmunomeBase Web site) reveals that the overall structure of the trees are very similar; however, the branch lengths of the maximum likelihood trees are useful in indicating the distances between the sequences.
Discussion
We have created the first dedicated and comprehensive database for metazoan immunity and evolution, which we have named ImmunomeBase. A total of 1811 immunity genes have been collected from a wide range of metazoan species and systematic analysis has been performed by means of reciprocal protein-protein blasts to identify potential orthologs. These orthologs have then been arranged into groups according to our determined criteria or levels, which vary according to the extent of orthologous relationships between the seed genes within the group.
All the seed genes from mammals are from mouse and human. These two species were chosen as the gene annotations are most complete when compared with other mammals. This explains the anomaly in Table 1 , where P. troglodytes (chimpanzee) does not have any seed genes and yet has >800 non-seed genes. Incidentally, the majority of these genes comes as orthologs of the human seed genes. We hypothesize that, given the near-identical nature of the human and chimpanzee genome, the missing orthologs are a result of the chimpanzee proteins in the NCBI database being incomplete.
The coverage of anti-microbial peptides is incomplete in our database and these proteins could be considered a special case. There is already a database dedicated to this class of protein (45) and even one just for the diverse family of penaeidins that come from the shrimp Litopenaeus vannamei (46) . Difficulties occur in determining their phylogeny because often the peptides arise from the post-translational cleavage of a longer pre-peptide into multiple shorter peptides (47) . Also, they can be very short in length, making the Blast algorithm difficult to use.
Our invertebrate case studies (Fig. 3) show that by taking a few non-mammalian seed genes and using our basic approach to identifying orthologs, it is possible to construct ortholog groups that show good coverage of the phylogeny of that gene. While the phylogeny is necessarily incomplete for any given gene, the ortholog group in the database still presents a good starting point for more comprehensive phylogenetic study. For example, if a gene in ImmunomeBase does not have any mammalian orthologs present, this can be confirmed by performing a manual reciprocal protein Blast search against mammalian genes from the NCBI's online Blastp interface.
A comparison of ortholog groups from different databases containing the human protein a-2-macroglobulin (Table 3) shows that while the group from OrthoMCL contains the most protein sequences, 78, ImmunomeBase contains the most species, 22. The HomoloGene group contains the least sequences, 6, and only has proteins from mammals and birds. Contrastingly, ImmunomeBase has species from mammals, birds, amphibians and arthropods. ImmunomeBase does not contain all the species found in the other databases. This is a result of our methodology; reciprocal blasts are limited to the top 150 hits from the protein-protein Blast against the whole database. Therefore, if the sequence from an organism does not occur in the top 150 hits, it will not be included in the database even if it does form a close orthologous relationship. In this way, the database does not provide an exhaustive list of orthologs; however, this approach does result in orthologs from a range of species being identified. The reason for our cap on the number of reciprocal blasts carried out is the processing time required.
Unlike most other ortholog databases, ImmunomeBase does not merely use sequences from species with completed genomes. While this means that sequences from a wider range of species may be included, this also causes limitations, in that as more sequences become available from different species, the ortholog pairs will need to be updated as new, better matches are made between species. For this reason, it might be prudent to call our orthologs 'tentative orthologs' as in the EGO database (21) . In any case, where there are paralogs it might be considered impossible to identify the true orthologous pair. The database will be regularly updated and the ortholog groups will be reevaluated when new sequence information is available.
We have not attempted to define or identify paralogs, although in some instances the presence of these in both species may be the reason for there not being an orthogous pair identified from those species. The Inparanoid database (20) makes an attempt to identify and classify paralogs as in-and out-paralogs depending on whether the duplication event occurred before or after speciation.
We have defined two levels of ortholog group (Fig. 2) . A further level, level 3, represents our idealized definition of an ortholog group-where every group member, both seeds and their non-seed orthologs, forms a reciprocal orthologous relationship with every other member. However, this exhaustive search would be very difficult, if not impossible, to implement because of the incomplete presence of annotated genomes and the presence of paralogs in the data set.
Supplementary data
Supplementary data are available at International Immunology Online.
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